Many studies have reported associations between single nucleotide polymorphisms (SNPs) of reninangiotensin-aldosterone system (RAAS) genes and CVDs (particularly hypertension), and their findings have provided candidate SNPs for research on genetic correlates of PIH. We explored the association between hypertension-related RAAS SNPs and PIH in a Chinese population. A total of 130 cases with PE, 67 cases with GH, and 316 controls were recruited. Six candidate SNPs of the RAAS system were selected. Multiple logistic regression analysis adjusting for maternal age, fetal sex, and gestational diabetes mellitus showed significant associations between angiotensinogen (AGT) rs3789678 T/C and GH (p = 0.0088) and between angiotensin II receptor type 1 (AGTR1) rs275645 G/A and PE (p = 0.0082). The study population was further stratified by maternal age (<30 and ≥30 years), and stratified and crossover analyses were conducted to determine genetic associations in different age groups. Our findings suggest that the impacts of different SNPs might be affected by maternal age; however, the effect of this potential gene-age interaction on PIH needs further exploration.
. In addition, women with a history of PE are more susceptible to chronic hypertension and CVDs 4, 5 . Such similarities between PIH and CVDs suggest that they may share common mechanisms 1 . The typical manifestation of GH and PE is blood pressure elevation. Because the renin-angiotensin-aldosterone system (RAAS) is pivotal in regulating blood pressure and volume, dysfunction of this system may be one of the major underlying causes of PIH 6 . In fact, many studies have explored the association between single nucleotide polymorphisms (SNPs) of RAAS-related genes and CVDs (particularly hypertension), providing candidate SNPs for research on the genetic correlates of PIH.
Ji et al. 7 studied 41 tagSNPs in RAAS and found that the occurrence of hypertension among the Chinese Han population was associated with angiotensinogen (AGT) rs3789678 and rs2493132, angiotensin converting enzyme (ACE) rs4305, and angiotensin II receptor type 1 (AGTR1) rs275645. However, to date, no association between the abovementioned SNPs and PIH has been reported in this population. Although AGT rs699 and AGTR1 rs5186 have been extensively studied for their association with PIH and a meta-analysis 8 showed that they are significantly associated with PE, the high heterogeneity among studies necessitates additional confirmation.
GH and PE are both characterized by de novo hypertension after 20 weeks of gestation; PE is hypertension with new-onset proteinuria, and GH is hypertension without proteinuria 9 . It is widely accepted that GH and PE have a shared mechanism, but it remains unknown whether they are separate diseases with similar presentations or different types of the same disorder 10 . Furthermore, little is known about why some patients with de novo hypertension progress to PE while others do not 11 . Therefore, investigating the genetic risk factors for GH and PE in the same population might provide a better understanding of their etiologic mechanisms.
We investigated the association of PIH with six RAAS SNPs, namely ACE (17q23.3) rs4305 A/G, AGT (1q42.2) rs2004776 G/A, rs3789678 T/C, rs699 T/C, AGTR1 (3q24) rs275645 G/A, and rs5186 C/A.
Results

Demographic and clinical characteristics.
A total of 197 cases, including 67 with GH and 130 with PE, as well as 316 controls were analyzed. The clinical characteristics of cases and controls are summarized in Table 1 . For between-group comparisons, the Bonferroni correction was used, and α was set at 0.0167. As shown in Table 1 , the maternal age and in-hospital blood pressure of women with GH and PE were significantly higher than those in normal women (p < 0.0001). The gestational age and newborn weight in the PE group were significantly lower than those in the control group (p < 0.0001 and p = 0.0164, respectively), whereas there were no significant differences between the GH and control groups. The incidence of gestational diabetes mellitus (GDM) was 11.94% in the GH group and 9.52% in the PE group, which were significantly higher than that in the control group (3.16%, p = 0.0059 and p = 0.0072, respectively). Comparisons between the GH and PE groups showed that the newborn weight in the PE group was significantly lower than that in the GH group (p = 0.015). No other differences were observed between groups.
SNPs and PIH. The SNP detection rate was 99%. For all of the SNPs, Hardy-Weinberg equilibrium was observed in both the case and control groups. Table 2 shows the distribution of alleles among the three groups. The results of the Chi-square test showed that the distribution of AGTR1 rs275645 G/A was significantly different in the PE and control groups (p = 0.021, α was set at 0.05 to identify potential correlations), but no significant difference in the AGTR1 rs275645 genotype was observed between the GH and control groups.
The simple logistic regression results are shown in Table 3 . No significant associations were observed between the tested SNPs and the GH/PE groups (p > 0.01). However, after adjusting for maternal age, fetal sex, and GDM (Table 4) , two SNPs were significantly associated with GH or PE. Specifically, AGT rs3789678 was significantly associated with GH (TT vs. TC, p = 0.0088, odds ratio [OR] = 6.331, 99% confidence interval [CI]: 1.031, 38.862), and AGTR1 rs275645 was significantly associated with PE (GG vs. GA, p = 0.0082, OR = 0.174, 99% CI: 0.032, 0.957) ( Table 4) .
In multiple logistic regression analysis (adjusting for maternal age, fetal sex, and GDM) of AGT rs3789678 and AGTR1 rs275645, only maternal age was significantly associated with GH (p < 0.0001, OR = 1.324, 95% CI: 1.165, 1.504) or PE (p < 0.0001, OR = 1.198, 95% CI: 1.101, 1.304). To explore the potential associations of SNPs with GH/PE in different age groups, maternal age was stratified into two groups (< 30 or ≥ 30 years), and crossover analysis was conducted for AGT rs3789678 and AGTR1 rs275645. Table 5 shows the results for AGT rs3789678 and GH. In the < 30-years age group, the AGT rs3789678 TT genotype was positively associated with GH (TT vs. TC, p = 0.0273, OR = 4.800, 95% CI: 1.193, 19.319 ). In the ≥ 30-years age group, the OR for the TT genotype could not be estimated due to the small number of cases. The results of the crossover analysis showed that, compared with the < 30-year-old TC genotype group (reference group, OR = 1), the < 30-year-old TT group and the ≥ 30-year TC/CC group were positively associated with GH (p < 0.05). The ≥ 30-year-old CC genotype group had the highest risk of GH (p < 0.0001, OR = 9.927, 95% CI: 3.521, 27.992). The results of the stratified and crossover analyses of AGTR1 rs275645 and PE are presented in Table 6 . In the < 30-year-old age group, the AGTR1 rs275645 GG genotype was negatively associated with PE (GG vs. GA, p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993); however, this association was not observed in the ≥ 30-year-old group. The results of the crossover analysis showed that, compared to the < 30-year-old GA genotype group, those in the < 30-year-old GG genotype were less likely to exhibit PE (GG vs. GA, p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993), and ≥ 30-year-old patients with GA or AA genotypes were more likely to show PE (p < 0.05, OR > 1). Thus, the effects of age on PE risk were not observed in the ≥ 30-year GG group. For AGTR1 rs275645, those with the AA genotype who were ≥ 30 years of age had the highest risk for PE (p = 0.0002, OR = 6.066, 95% CI: 2.346, 15.683), and those < 30 years of age in the GG genotype had the lowest risk (p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993). For the linkage disequilibrium analysis, pairwise R 2 values for AGT rs2004776, rs3789678, and rs699 ranged from 0.159 to 0.262, and R 2 values for AGTR1 rs275645 and rs5186 ranged from 0.189 to 0.216, suggesting low linkage disequilibrium. Haplotype analyses showed no significant associations.
Discussion
Although the pathogenesis of PE is still unclear, many studies have suggested involvement of the RAAS 12 . The compensatory mechanism of this system is pivotal for regulating water and salt balance and for sufficient placental perfusion 6 . In a normal pregnancy, the capacity of the maternal plasma dramatically increases, and the serum levels of nearly all RAAS components increases 6 . However, these levels are significantly different in women with PE, because the RAAS balance in the circulatory system and placenta is disturbed, and maternal vascular resistance increases 6 . However, the specific mechanism underlying the pathogenesis of this condition requires additional research.
The major RAAS components include renin, angiotensinogen (AGT), angiotensin-converting enzyme (ACE), angiotensin I (AngI), AngII, angiotensin II receptor type 1 (AT1R), and AT2R. Renin catalyzes the AGT lysis to AngI, and ACE converts AngI into bioactive AngII. AngII is an octapeptide, and through its interaction with AT1R or AT2R, it is involved in vasoconstriction, sympathetic activity, cell viability, and aldosterone release 6 . The RAAS regulates blood pressure and the water-electrolyte balance through both intravascular and endocrine pathways 13 . Evidence addressing the role of RAAS genetic variants in the pathological process of CVDs was reviewed by Gluba et al. 14 . SNPs of RAAS members are candidates for gene-association studies regarding hypertension and PIH.
The association between AGT rs699 and PIH has been extensively studied. A meta-analysis 8 that included 27 studies showed that AGT rs699 was significantly associated with PE (OR = 1.26, 99% CI: 1.00, 1.59), but the included studies had high heterogeneity (I 2 = 70%). Another meta-analysis 15 investigated the association between AGT rs699 and PIH in Chinese population and found significant associations in dominant genetic model, recessive genetic model, and allelic model. Although it is widely accepted that GH and PE should be analyzed separately for their different genetic backgrounds 16 , most gene-association studies performed in China have not differentiated between the two diseases; therefore, meta-analyses could not separately pool the results. In our study, no significant association was observed between AGT rs699 and GH or PE.
Ji et al. 7 reported that the AGT rs3789678 polymorphism was associated with hypertension in the Han Chinese population, but the effects of different genotypes were not reported. We found that the TT (vs. TC) genotype at AGT rs3789678 might increase the risk for GH (adjusted OR [adOR] = 6.331, p = 0.0088, 99% CI: 1.031, 38.862), but this association was not significant (p > 0.01) before adjusting for maternal age, fetal sex, and GDM. Multiple logistic regression analysis showed that maternal age was significantly associated with GH (p < 0.001); therefore, we stratified the study population into two groups by maternal age (< 30 and ≥ 30 years) and conducted stratified analyses. In the < 30-years age group, the AGT rs3789678 TT genotype was positively associated with GH (TT vs. TC, p = 0.0273, OR = 4.800, 95% CI: 1.193, 19 .319), but in the ≥ 30-years age group, the OR for the TT genotype could not be estimated due to the small number of cases. Therefore, we could not determine whether the association between AGT rs3789678 and GH was age dependent. Bioinformatic analyses have suggested that the AGT rs3789678 polymorphism enhances the process of mRNA splicing through the creation of a new exonic splicing enhancer and destruction of the exonic splicing silencer site 17 .
Johnson et al. 18 showed that the gene polymorphism at AGT rs2004776 is significantly associated with hypertension. Our study found no significant association between AGT rs2004776 and GH/PE (p > 0.01).
ACE rs4646994 (ACE I/D) is another widely studied SNP for its association with PIH 15, 19, 20 . A meta-analysis by Zhu et al. 15 found that ACE I/D was significantly associated with PIH in Chinese populations, but no significant association was found between ACE I/D and PIH in the subgroup with large number of cases (> 100 cases). Other SNPs in the ACE gene have been less frequently considered in terms of their associations with PIH. A study that involved 86,588 subjects reported a significant association between ACE rs4305 and the risk for hypertension (p = 3.0 × 10 −5 ), which is in accordance with Ji et al. 7 , who also reported this association in a Chinese Han population. Therefore, we investigated the association between ACE rs4305 and PIH, but no significant association was observed.
Ji et al. 7 also reported a significant association between AGTR1 rs275645 and hypertension; similarly, in our study, we found that the AGTR1 rs275645 GG genotype may reduce the risk for PE compared to the GA genotype (p = 0.0082, adOR = 0.174, 99% CI: 0.032, 0.957). The results of crossover analyses further showed that the risk effects of age (≥ 30 years) were not significant in the GG genotype group, and women < 30 years old with the GG genotype had the lowest risk for PE (p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993).
The association between AGTR1 rs5186 and PE has been studied extensively, but the results have been inconsistent [21] [22] [23] . A meta-analysis 8 covering 10 studies found no significant association (OR = 1.22, 99% CI: 0.96-1.56); similarly, our study found no association of AGTR1 rs5186 with PE or GH.
Age is an important predictor of PIH and CVDs, although it remains unknown if the genetic effects are stable or change with age. Many studies have indicated that gene-age interactions may be related to the dynamic processes of gene expression and protein modification 24 . Age-related behaviors and environmental exposure may also affect epigenetic modifications, such as changes in DNA methylation status and aberrant micro-RNA expression 25 . The generation of reactive oxygen species and the oxidative damage that they create increase with age, and may affect the post-translational modification of proteins involved in gene regulation 26 . The interaction between age and genes has been reported in various studies. For example, a genome-wide association study that involved 1240 subjects showed that the expression of more than 4300 human genes was age dependent, and an interaction with age was found in at least 623 of these genes 27 . In addition, studies have reported the effects of gene-age interactions on blood pressure 28, 29 . We conducted stratified and crossover analyses to explore the associations between SNPs and GH/PE in different age groups. Our results for AGTR1 rs275645 were intriguing. In the < 30-years age group, the AGTR1 rs275645 GG genotype was negatively associated with PE (GG vs. GA, p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993), but this association was not observed in the ≥ 30-years age group. Crossover analyses showed a negative association with PE in women < 30 years old who harbored the GG genotype (GG vs. GA, p = 0.0487, OR = 0.288, 95% CI: 0.081, 0.993), whereas carrying the GA or AA genotypes and being ≥ 30 years old increased the risk of PE (p < 0.05). However, additional studies are needed to confirm whether the age-related risk for PE is compensated by the protective effects of the GG genotype.
The current gene-association study was limited by the small sample size, which makes it less likely to identify very weak associations; this is a common problem in this type of study. Due to limitations imposed by our sample source, we could not collect the same number of GH and PE cases, which may have resulted in differences in statistical power. In addition, our GH sample size was relatively small. We found that AGT rs3789678 was significantly associated with GH, but not with PE, whereas AGTR1 rs275645 was significantly associated with PE, but not with GH. However, we were unable to determine whether these differences were due to actual dissimilarities in the two diseases or differences caused by the small sample size. Data analyses from the National Hospital Discharge Survey (United States, 1979 States, -1986 indicate that the risk of PE increases by 30% for every additional year of age past 34 30 . Because the number of pregnant women ≥ 35 years old was very small (27 of 197), we stratified the population by a maternal age of 30 rather than 35; however, even with this stratification, the sample size of some genotypes was very small (n < 10). Because the estimation of gene-age interactions requires large sample sizes to achieve a reasonable statistical power 31,32 , we did not further explore these interactions in the present study. In addition to maternal age, fetal sex, and GDM, many other factors have been identified as risk factors for PE and/or GH, such as a history of PE and infertility 33 , body mass index above 24, and primiparity 34 . We did not adjust for these factors in the multiple logistic regression because the proportion of missing data for those factors was larger than 15%. Another limitation of our study is that we did not conduct subgroup analyses according to early-or late-onset PE because the gestational age of PE onset was not regularly recorded in the medical records of our study region. We also did not categorize PE cases by severity. Of the 130 cases of PE, 36 (27.69%) were diagnosed with severe PE, but we were not able to collect corresponding clinical lab results to verify those diagnoses.
From above, our study showed that hypertension-related SNPs were associated with PE or GH in a Han Chinese population. The AGT and AGTR1 genes may be involved in common elements of the pathogenesis of hypertension, PE, and GH. These results also provide genetic evidence to support that patients with PE or GH might have a higher risk for hypertension. Our data encourage further research exploring the similarities and differences in disease-related genes between GH and PE. Similar pathogenic genes will reveal the similarities between these two diseases, whereas different genes may not only provide important clues for pathogenic research but also help in the prediction of PIH. Finally, additional studies are needed to determine the effects of gene-age interactions on this disease.
Methods
Study population. Subjects were recruited from the Liuyang Municipal Hospital of Maternal and Child
Health, Hunan Province of China. The inclusion criteria for the case group were clinical diagnosis of GH or PE combined with the absence of diabetes mellitus, renal disease, CVDs, or other diseases that are already known as risk factors for GH and PE. The controls were healthy women (without GH, PE, and the other aforementioned diseases) who delivered at the same hospital during the study period. All of the subjects provided written informed consent, after which blood samples and medical records were collected. A total of 130 patients with PE, 67 with GH, and 316 controls were recruited.
Ethics statement. The study protocol was reviewed and approved by the Central-South University's Ethical and Confidentiality Committee. All participants provided written informed consent. The authors assert that all of the procedures/methods were performed in accordance with the approved guidelines.
Diagnostic criteria. Some diagnostic criteria 35, 36 recommend a broad definition of PE, namely, that diagnosis of PE should include de novo hypertension accompanied by other maternal organ dysfunction or uteroplacental dysfunction even in the absence of proteinuria. However, there is still no clear consensus on the classification of this disease. The International Society for Study of Hypertension in Pregnancy recommends a broad definition of PE in the clinic but a strict definition in scientific research because the inclusion of proteinuria ensures a more specific diagnosis 9 . Therefore, we used the strict definition, defining PE as de novo hypertension (systolic blood pressure ≥ 140 mm Hg and/or diastolic 90 mm Hg) after 20 weeks of gestation accompanied by proteinuria (urinary protein dip sticks ≥ 2+ or ≥ 300 mg in a 24-h urine sample). GH was similarly defined as de novo hypertension, but without the presence of proteinuria 37 .
SNP selection and genotyping. Six candidate SNPs of the RAAS system were selected, including ACE (17q23.3) rs4305 A/G, AGT (1q42.2) rs2004776 G/A, rs3789678 T/C, rs699 T/C, AGTR1 (3q24) rs275645 G/A, and rs5186 C/A. Genomic DNA was extracted from whole blood using the TIANamp Blood DNA Kit (DP318-03, TIANGEN, Beijing), which is based on silica membrane technology and uses a special buffer system for DNA extraction from fresh or frozen whole blood. SNPs were genotyped with the SEQUENOM MassARRAY iPLEX platform 3, 8 . The assay consists of an initial locus-specific PCR reaction, followed by single base extension and matrix-assisted laser desorption/ionization-time of flight mass spectrometry to identify the SNP allele 38 .
Statistical analysis. Case-control studies were conducted to compare the PE and control groups and the GH and control groups. General clinical features of case and control groups were compared with the t-test or Wilcoxon rank sum test for continuous variables, and the Chi-square test was used for categorical variables. The Bonferroni correction 39 was applied for multiple comparisons (α = 0.05/3 = 0.0167). The SNP detection rate was calculated as the number of sites that were successfully genotyped for all of the samples divided by the number of genotyped sites for all of the samples. The Hardy-Weinberg test was conducted for the case and control groups using the Chi-square goodness-of-fit test or the Fisher's exact test 40 (α = 0.01). The Chi-square test was used to test the genotype distribution between the case and control groups. Because this was an exploratory study, a p-value of 0.05 was used to identify potential correlations. Logistic regression was used to estimate the OR. α was set at 0.01 to control for any type Ι errors that may occur with multiple testing, and the 99% CI was calculated for different genetic models. The OR and 99% CI were calculated after adjusting for known risk factors for PIH such as maternal age, fetal sex, and GDM 34 . If adjusting for other risk factors changed the significance of SNPs, stratified and crossover analyses were conducted, and logistic regression was used to estimate the OR and 95% CI for each group. Pair-wise linkage disequilibrium (R) 2 was estimated using SHEsis 41 . Chi-square tests were used to determine whether haplotype frequency distributions differed between the case and control groups. All of the statistical analyses, except for linkage disequilibrium analysis, were performed using SAS 9.2 (SAS Institute, Inc., Cary, NC, USA).
